Background-Interstitial lung disease (ILD) is associated with high morbidity and mortality in rheumatoid arthritis (RA). Citrullinated proteins are observed in RA lung tissues; however, the association of specific anticitrullinated peptide antibodies (ACPA) with ILD in RA is unknown.
INTRODUCTION
Survival is reduced in rheumatoid arthritis (RA) compared with the general population, 1 with pulmonary manifestations representing a leading contributor to RA mortality. 2 Pulmonary manifestations of RA represent a heterogeneous group of disorders affecting the airways, parenchyma, pleura and pulmonary vasculature. Among these, interstitial lung disease (ILD) is associated with a particularly high burden of morbidity and mortality. For example, in a population based surveillance cohort, 3 median survival was only 2.6 years after RA-ILD diagnosis, and RA-ILD represented 13% of the overall mortality of RA. Clinically significant RA-ILD is observed in 8-10% of RA patients over the course of their disease 34 ; however, a much larger proportion exhibit subclinical findings on CT, observed in 20-50% of RA patients. 56 The natural history and pathogenic determinants of RA-ILD are not well defined. A link between pulmonary inflammation and RA was noted as early as 1953, with Caplan's observation of nodular opacities in the lungs of coalminers with RA. 7 In some, lung findings were noted prior to the onset of synovitis. Smoking is a risk factor for both RA related and idiopathic pulmonary fibrosis, 89 an entity with similarities to some forms of RA-ILD. Importantly, it has been suggested that smoking, the HLA-DRB1 'shared epitope' and anti-CCP interact to increase the risk of RA. 8 In support, smoking was associated with higher levels of pulmonary peptidyl arginine deiminase-2 (PAD2), an enzyme that catalyses the post-translational modification of arginine to citrulline, 10 and higher levels of citrullination were observed in the cells obtained on bronchoalvelolar lavage of smokers compared with non-smokers. In another study, 11 citrullinated proteins were detected in the lung tissue of patients with both RA and idiopathic ILD. Despite this circumstantial evidence, it remains unclear whether citrullination of lung proteins represents a mechanistic link between respiratory exposures and autoimmunity in RA, and/or whether citrullinated proteins in the lung become immune targets for a circulating pathogenic autoantibody generated against citrullinated proteins sharing common antigenic epitopes in other tissues, such as the synovium.
Intra-and inter-molecular epitope spreading of antibodies targeting self-proteins is well described in several autoimmune disorders, including RA. In particular, epitope spreading of autoantibodies targeting citrullinated proteins was found to precede RA diagnosis by several years, and the accumulation of greater numbers of specific anticitrullinated protein antibodies (ACPA) was associated with higher levels of multiple systemic inflammatory cytokines. 12 However, neither specific ACPA nor epitope spreading, in general, has been described with ILD in RA. Therefore, we sought to explore the relationships between the number and fine specificity of ACPA with the presence and extent of RA-ILD. We hypothesised that patients with RA-ILD would exhibit a broader repertoire of ACPA compared with those without ILD features on pulmonary imaging, perhaps reflecting epitope spreading in the ACPA response.
METHODS

Study participants
Participants were enrolled in ESCAPE RA (Evaluation of Subclinical Cardiovascular disease And Predictors of Events in Rheumatoid Arthritis), a prospective cohort study investigating subclinical cardiovascular disease in RA described previously. 1314 Participants met 1987 RA classification criteria, 15 had RA ≥6 months from diagnosis and were 45-84 years of age without known prior prespecified cardiovascular events. The study was approved by the institutional review board of the Johns Hopkins Hospital and ongoing analyses were approved by the Columbia University Medical Center institutional review board. Enrolment occurred between October 2004 and May 2006.
Outcomes Pulmonary outcomes-As described previously, 13 cardiac multidetector row CT (MDCT) scans were obtained using standard methods 16 with 3 mm thickness on a Toshiba Aquilion 64 scanner. With cardiac MDCT, only lung parenchyma from the level of the carina to the lung bases was included. The validity of cardiac MDCT for pulmonary parenchymal disease has been evaluated, with correlation >90% compared with high resolution CT. 17 Scans were assessable in 177 of the 195 enrolled participants (91%) by an expert pulmonary radiologist (SS) using a previously described standardised method 18 and blinded to clinical characteristics. Characteristics of the subgroup with assessable scans did not differ from those of the full cohort (data not shown). An expert radiologist ILD Score (ILDS) was determined based on the presence and extent of ILD features (ie, ground glass opacification (GGO), reticulation, honeycombing (HC) and traction bronchi-ectasis (TB)) using a semiquantitative scale (0=none, 1=1-25%, 2=26-50%, 3=51-75%, 4=76-100%) with a maximum total score possible of 32. Intraobserver concordance for detecting no ILD was 90%, and 100% for ILDS ≥3. Pulmonary function testing (PFT), consisting of spirometry and assessment of diffusion capacity to carbon monoxide (DLCO), was performed according to the American Thoracic Society guidelines 19 at the second study visit, occurring a mean±SD of 21±3 months post baseline. Any restriction and impaired diffusion were both defined as ≤79% of predicted for forced vital capacity and DLCO, respectively.
Measurement of circulating antibodies against citrullinated and noncitrullinated antigens-Serum samples obtained concurrently with CT scanning were assessed for anti-CCP (second generation commercial anticyclic citrullinated peptide assay (CCP2)) using a commercial kit. Levels of a panel of antibodies against four non-citrullinated proteins (fibrinogen A, heat shock protein 60, apolipoprotein A1 and apolipoprotein E) and 17 citrullinated full length proteins or peptides within these proteins (see table 2 for full list) were assayed using a custom Bio-Plex bead array, as previously described. 1220 Individual candidate citrullinated antigens were conjugated to spectrally distinct fluorescently dyed beads. Peptide conjugated beads were incubated with diluted patient sera, autoantibody binding detected with a phycoerythrin conjugated secondary antibody and levels of autoantibody binding quantitated on a Luminex 200 System. With optimisation and evaluation, an interaction between rheumatoid factor (RF) and measurement of autoantibodies using this method has not been observed. There are no population standard cut points defining positive or high levels for the specific ACPA measured. We modelled the 75th and 90th percentiles as cut points for defining high levels for individual ACPA. As results were similar for both cut points (data not shown), we present only the 75th percentile cut point for clarity.
Other measures-Demographics, current and past smoking, and medical and RA disease history were assessed by patient self-report. Forty-four joints were examined for swelling and tenderness by a single trained assessor, and RA disease activity calculated using the Disease Activity Score for 28 joints with C reactive protein (DAS28-CRP). 21 The Stanford Health Assessment Questionnaire 22 was used to assess disability. Current and past use of glucocorticoids, biologic and non-biologic disease modifying antirheumatic drugs were queried by detailed examiner administered questionnaires. Radiographs of the hands and feet were scored using the van der Heijde modification of the Sharp method 23 by a single experienced reader blinded to patient characteristics.
Other laboratory assessments-C reactive protein was measured by nephelometry (Dade Behring Inc, Deerfield, Illinois, USA). RF was assessed by ELISA, with seropositivity defined at or above a level of 40 units. The presence of shared epitope alleles in exon 2 of HLA-DRB1 was determined as previously described. 14 
Statistical methods
After exploring the distributions of all variables, group wise differences in normally distributed continuous variables were compared using t tests, in non-normally distributed continuous variables using the Kruskal-Wallis test and in categorical variables using the χ 2 goodness of fit or Fisher's exact test, as appropriate. Associations of characteristics with the primary exposure variable (number of high level ACPA) and with the outcome of ILDS were explored using linear regression, with variables transformed to normality as required. Multivariable linear regression models were constructed, with potential confounders included that were associated with the primary exposure variable in univariate analyses at the p<0.20 significance level, to allow for residual confounding. Non-contributory covariates were excluded using Akaike's Information Criterion. The associations of ACPA number with patterns of CT ILD and PFT outcomes were explored using ordinary logistic regression, with multivariable models constructed similar to those described for linear regression, with the exception of the likelihood ratio test for nested models used for dimensionality reduction. All statistical calculations were performed using Intercooled Stata 12 (StataCorp, College Station, Texas, USA). A two tailed α of 0.05 was used throughout.
RESULTS
The characteristics of the 177 RA patients with CT assessment of ILD features are summarised in table 1. Compared with patients without ILD features (ie, ILDS=0), those with ILDS >0 were significantly more likely to have ever smoked and/or were current smokers. RA features significantly associated with ILDS >0 included RF and anti-CCP seropositivity, interleukin 6 level, rheumatoid nodules and current treatment with prednisone and biologic disease modifying antirheumatic drugs. The prevalence of future PFT evidence of restrictive lung disease or impaired diffusion was more than threefold greater in the group with ILDS >0 compared with those with no CT ILD features.
ACPA level and number was associated with the extent of ILD features in RA
Median levels of CCP2 and all of the 17 measured ACPA antibodies with different specificities were significantly higher for the group with more extensive CT ILD compared with the group with no CT ILD features, with levels ranging from approximately 0.5 to nearly threefold higher (table 2) . RA patients had a median of 2 high level ACPA reactivities (range 0-16). More than half of the patients with ILDS ≥3 had 6 or more high level ACPA. In contrast, high level ACPA were uncommon in patients with no ILD features (median high titre ACPA=1). In comparison, median levels of antibodies targeting noncitrullinated proteins were not higher among those with higher ILDS. Of note, levels of antinative fibrinogen were negligible in both groups.
Patient characteristics were associated with an expanded repertoire of high level ACPA
The associations of patient characteristics with the number of high level ACPA are summarised in table 3. On average, the number of high level ACPA was significantly higher among current smokers compared with non-smokers, those with RF or CCP2 seropositivity compared with those seronegative, those with shared epitope alleles compared with those without, those with higher C reactive protein and interleukin 6 levels, and those with rheumatoid nodules.
The number of high level ACPA was an indicator of the extent of CT ILD
On average, each additional high level ACPA was associated with a 0.10 higher unit ILDS score (p=0.001; table 4, model 1); however, the association was not linear, as ILDS scores in those with 1-6 high level ACPA were not significantly higher than those with no high level ACPA (table 4, model 2). In contrast, average ILDS was significantly higher in the group with 7 or more high level ACPA compared with the group with no high level ACPA, suggesting a possible threshold of ACPA diversification for the development of ILD. This association remained significant in expanded and simplified models adjusting for potential confounders (table 4, models 3 and 4). The association of CCP2 seropositivity with ILDS paralleled the association of number of high level ACPA with ILDS (table 4, model 5).
Presence of an expanded ACPA repertoire was associated with radiographic ILD patterns and PFT abnormalities Among the 57 patients with CT ILD features, the predominant pattern was GGO in 22 (39%) and reticulation, honeycombing or traction bronchiectasis (R/HC/TB) in 35 (61%).
Forty per cent of those with R/HC/TB had 7 or more high level ACPA compared with only 18% of those without ILD (p=0.006; figure 1A ). The proportion with 7 or more high level ACPA was also higher in those with GGO compared those without ILD (27% vs 18%, respectively); however, this difference was not statistically significant. Adjusting for age, gender, current and past smoking, DAS28, and current prednisone and leflunomide use did not substantially alter the differences between groups.
Among the 156 patients with subsequent PFT assessment, 36 (23%) met criteria for restriction and/or impaired diffusion. Among this group, 39% had 7 or more high level ACPA compared with only 20% without these features (p=0.023; figure 1B) . Covariate adjustment reduced this difference only slightly; however, statistical significance was only marginal after adjustment (p=0.091).
Association of an expanded ACPA repertoire with RA ILD versus anti-CCP alone
We explored whether the number of high level ACPA could discriminate ILD or PFT outcomes beyond CCP2 alone. Plotting the relationship between anti-CCP level and number of high level ACPA ( figure 2A) showed an association between the two, as all patients with 7 or more high level ACPA also had a CCP2 >120 units (n=43). However, there was a similar number (n=44) with CCP2 >120 units, but with 0-6 high level ACPA, suggesting a limited capacity of higher CCP2 to discriminate within the breadth of the ACPA response within a given patient. We used these groupings to explore ILD and PFT outcomes (figures 2B-E). For each of the outcomes, the group with higher CCP2 and 7 or more high level ACPA demonstrated a numerically higher frequency of the outcome compared with the group with lower CCP2/lower ACPA number (statistically significant for all outcomes except the outcome of GGO) or the group with higher CCP2/lower ACPA number; however, the difference was only statistically significant for the outcome of R/HC/TB; figure 2C ).
DISCUSSION
To our knowledge, this is the first report of ACPA specificity with radiographic ILD and PFT indicators of pulmonary restriction and/or impaired diffusion commonly associated with RA-ILD. On average, we observed higher levels of all of the specific ACPA measured among patients with radiographic evidence of ILD features, often higher by several fold, compared with those without RA-ILD. In contrast, levels of antibodies against noncitrullinated proteins were not higher among those with ILD features. Within individuals, the number of high level ACPA was also a potent indicator of ILD features, even after adjusting for pertinent confounders. In particular, an expanded ACPA repertoire (ie, having 7 or more high level ACPA) was most strongly associated with ILD features of fibrosis (ie, R/HC/TB), as well as restriction and/or impaired diffusion on future PFTs. While CCP2 level alone was a potent indicator of ILD and PFT outcomes, knowledge of the number of high level ACPA was an indicator of R/HC/TB over and above the information gained from the level of CCP2. RA-ILD is heterogeneous radiographically and histologically. 24 One radiographic distinction is between non-specific interstitial pneumonia (characterised by a predominant radiographic pattern of GGO) and usual interstitial pneumonia (characterised by a predominant pattern of reticulation and honeycombing). In our study, we observed a stronger association of ACPA number with radio-graphic usual interstitial pneumonia than non-specific interstitial pneumonia, perhaps suggesting a mechanistic distinction between these two entities.
Taken together, these data suggest a robust relationship between ACPA level and the presence and severity of RA-ILD; however, the proximity of these associations to causality is not clear. All of the protein antigens to which, in their citrullinated forms, the patients in our study had high titre antibodies are present in the lung. 2526 Citrullinated proteins have been identi-fied in lung tissue, 11 a finding not exclusive to RA. 27 In addition, PAD enzymes, necessary for the conversion of arginine to citrul-line in substrate proteins, have also been shown to be present in lung tissue. 1027 Whether these observations support the possibility of antibody mediated lung tissue damage resulting from a pathogenic interaction between autoantibodies and their cognate citrullinated peptides will require additional mechanistic studies. Circumstantially, autoantibodies are frequently observed in other forms of non-RA-ILD 28 and, in the case of antiendothelial cell antibodies, have some support for a pathogenic role. 29 In addition, immune complexes have been demonstrated in the circulation and bronchoalveolar lavage fluid of patients with non-RA-ILD, 30 and autoimmunity against collagen type V mediates a cellular immune response leading to bronchiolitis after lung transplantation. 31 Whether similar processes targeting citrullinated, rather than native, lung proteins mediate RA-ILD warrants additional study.
It is also possible that our findings of high ACPA levels and higher ACPA number among RA patients with ILD features is not related to any direct causal link between ACPA and lung inflammation, but an epiphenomenon representing two unlinked processes operating in parallel. However, if unlinked, then higher levels of all autoantibodies, not just those directed against citrullinated antigens, would be expected with ILD. This was not the case in our study, in which the antibodies against non-citrullinated proteins were not associated with ILD.
The study has notable strengths and limitations. Among the strengths, we utilised multiple measures of lung disease, both imaging and pulmonary function testing. Scans were interpreted by the same pulmonary radiologist with decades of ILD experience. Among the limitations, cardiac MDCT differs from high resolution CT typically obtained for ILD assessment, primarily in slice thickness and the lung apices were not imaged. However, while we may have missed additional ILD features exclusive to the apices (uncommon for RA-ILD), our findings are internally consistent as the same techniques were used for all patients. Owing to the characteristics of the cohort, our findings may only be generalisable to RA patients >45 years of age without prior cardiovascular events. The study was cross sectional, limiting any ability to establish temporality in the associations. Finally, the citrullinated antigens in our ACPA panel were derived from rheumatoid synovium 12 and not specifically with lung antigens in mind. Thus we may have missed relevant citrullinated lung epitopes not represented in our panel of antigens.
In summary, our findings of higher levels of a variety of ACPA and an expanded ACPA repertoire among RA patients with radiographic ILD and PFT restriction and/or impaired DLCO suggest a link between autoimmunity against citrullinated proteins and a high impact outcome in RA. Future studies will help define the potential causality of this association. Associations of radiographic interstitial lung disease features with an expanded ACPA repertoire. Graphs represent the proportion of rheumatoid arthritis patients with 7 or more high level ACPA according to the predominant pattern of interstitial lung disease features (A) and the presence of restrictive lung disease and/or impaired diffusing capacity on pulmonary function testing (B). Depicted are means and 95% confidence intervals. Adjusted analyses from ordinary logistic regression account for age, gender, current and past smoking, Disease Activity Score for 28 joints, and current use of prednisone and leflunomide. ACPA, anticitrullinated protein antibody; DLCO, diffusing lung capacity for carbon monoxide; GGO, ground glass opacification; ILD, interstitial lung disease; ILDS, expert read ILD score; R/HC/TB, reticulation/honeycombing/traction bronchiectasis. Radiographic and pulmonary function testing evidence of interstitial lung disease according to anti-CCP level and number of high level ACPA. Anti-CCP level and number of high level ACPA were highly correlated (A; the curved line is the lowess smoothed least squares estimate of the average association). Based on this relationship, the cohort was subdivided into three mutually exclusive groups: those with CCP2 <120 units and 0-6 high level ACPA ('Low CCP/Low ACPA'; n=89), CCP2 ≥120 units and 0-6 high level ACPA ('High CCP/Low ACPA'; n=44) and CCP2≥120 units and 7 or more high level ACPA ('High CCP/ High ACPA'; n=43). (B-E) According to these groups, the probability of any ILD (ie, ILDS >0; B); the probability of a predominant pattern of reticulation/honeycombing/or traction bronchiectasis (C); the probability of a predominant pattern of ground glass opacification (D); and the probability of restrictive lung disease and/or impaired diffusion on pulmonary function testing (E) are shown. Depicted are means and 95% CIs for all graphs. ACPA, anticitrullinated protein antibody; CCP, cyclic citrullinated protein; CCP2, second generation commercial anticyclic citrullinated peptide assay; DLCO, diffusing lung capacity for carbon monoxide; GGO, ground glass opacification; ILDS, expert read Interstitial Lung Disease Score; PFT, pulmonary function testing. Crude and adjusted associations of number of citrullinated protein antibodies with CT expert read Interstitial Lung Disease Score 
